In a recent cinematographic study of sprinters it has been shown (Fenn, 1930) that in spite of the difficulty which the muscles experience in shortening rapidly against their own internal viscosity, as pointed out by A. V. Hill (1926), they nevertheless are able to exert enough tension against the rapidly swinging limbs so that 23 per cent of the total energy turnover (oxygen consumption) appears in the limbs as mechanical work. This is a fairly high efficiency and suggests that the importance of viscosity has been somewhat overestimated.
In a recent cinematographic study of sprinters it has been shown (Fenn, 1930) that in spite of the difficulty which the muscles experience in shortening rapidly against their own internal viscosity, as pointed out by A. V. Hill (1926) , they nevertheless are able to exert enough tension against the rapidly swinging limbs so that 23 per cent of the total energy turnover (oxygen consumption) appears in the limbs as mechanical work. This is a fairly high efficiency and suggests that the importance of viscosity has been somewhat overestimated.
There is, however, no doubt that muscles exert less and less tension as their speed of shortening increases. From the point of view of the physiology of running it is of importance to know how much the tension decreases as the speed of shortening increases. Data on this point are available from the work of A. V. Hill (1922) and that of Hansen and Lindhard (1922) using Hill's method. In this case, however, the possibility of reflex-inhibition as a contributing cause is not ruled out. Our own measurements show in fact a smaller decrease in tension for the same increase in speed under conditions which apparently make nervous intervention impossible.
Even this smaller amount of "viscous loss" may be sufficient to account for a complete loss of external tension in muscles shortening at the speeds which occur in sprint running.
Arnz SW@JS. In order to obtain the data needed we adopted a method which has been developed in this laboratory in connection with a study of muscle tonus measurement in man (Smith, Martin, Garvey and Fenn, 1929) . Arrangements are made to obtain a kymographic record of the position of a moving arm or leg as a function of time. The slope of this graph gives the velocity of movement at every moment during the movement. If these velocities are plotted out and a smooth graph drawn through the points, then the slope of this curve gives the acceleration of the movement.
Knowing the moment of inertia of the limb, the force exerted at various moments can then be calculated.
In our preliminary experiments the swinging movement of the arm about the shoulder was investigated.
The general arrangement is shown in figure 1 . The subject leans against one of two upright iron bars with his right shoulder while the other bar is grasped by the left hand. The axis of rotation of the shoulder coincides as nearly as possible with the axis of rotation of the pulley. A wire runs from the pulley to a small pointer sliding on a steel track. The wire is kept taut by a spring. The radius of the wheel was 6.5 cm. so that 6.5 cm. on the drum represented one radian.
Usually we recorded only a single forward swing of the arm extended at the elbow. Sometimes a double swing was recorded both forward and , Fig. 1 . Diagram of the apparatus used for recording the arm swings backward as quickly as possible. The results of one such experiment are diagrammed in figure 2. The curve marked y is the displacement curve showing the positions, y, in radians occupied by the arm at various times, . t. This is a reproduction of the record as taken on the drum. ments were made on the record every 0.01 second.
Measure-
The slope of this displacement curve is given by the curve marked dy/dt and the slope of this angular velocity curve gives in turn the angular acceleration in radians per sec2 and is marked d2y/dt2. Taking 5.8 X lo6 gm. cm.2 as the moment of inertia of the arm (calculated by method of Braune and Fischer, 1892, or see Fenn, 1930a ) the theoretical maximum acceleration can be calculated from measurements of the maximum torque which the subject could exert in different positions of the arm. Thus with the arm extended 60 degrees in front, the subject could pull backwards with a torque of 770 kgm. cm. which corresponds to an acceleration of 770 t 5.8 or 136 rad/sec2. This is true for the arm and leg swings which take place during sprinting. It is only at the turning point that the muscles have time to develop their maximum tension against a limb which, for the moment, is not moving. At the beginning of the swing the muscles could not be expected to exert maximum tension for they are trying to keep pace with a rapidly accelerating limb.
The experiment shows in fact that the initial acceleration is only 90 rad/sec2 although the muscles are strong enough to have produced an acceleration of 145 rad/sec2 if the limb had been stationary or if they had not been engaged in producing energy for shortening at the same time.
There seems no reason, however, why the muscles should not have exerted their maximum tension at the end of the swing when they were being simultaneously stretched by the limb which they were trying to decelerate. It may be concluded that the back swing was not carried out with maximum speed and effort. In most of these preliminary experiments single swings were used. In a few cases a large weight of 3 to 5 kgm. was carried in the hand. Data from these experiments are collected together in table 1 which shows some points of interest. The first two columns show the amplitude of the swing in degrees during the period of acceleration and deceleration respectively.
The average so obtained for the free swings shows that the swing is evenly divided between these two periods, the arm being accelerated for 52.3 degrees and decelerated for 53.2 degrees. The next two columns show the duration of these two periods, acceleration lasting 0.187 second and deceleration 0.186 second. It is a little surprising to find the swing so symmetrical when the purpose in the mind of the subject is to swing his arm forward as rapidly as possible and to stop it at the "end" In carrying out such a swing one feels as if the arm could be stopped almost instantaneously at any time. Actually the antagonistic muscles are contracted to start the deceleration process much sooner than the subject realizes.
The experiment illustrates rather well how the cerebrum can dictate a certain whole movement, the pattern for which seems to exist in the lower coordinating centers which carry out the details of the procedure without conscious participation. Columns 6, 7 and 8, table 1, show respectively the maximum angular velocity attained in the swing, the weight carried in the hand (if any) and the moment of inertia of the system.
The presence of a 5 kgm. weight increases the moment of inertia from 5.8 X lo6 to 33 X lo6 gm. cm.2
Columns 9, 10 and 11 are of especial interest because of the indications which they provide of the general adequacy of the analysis of the records. If in figure 2 the acceleration had been multiplied by the moment of inertia to get the torque exerted and this had been plotted against the position of the arm, y, in radians, then the graph would have been in reality a length-tension diagram, the area of which would have represented the work done on the limb. By integrating such areas graphically we have determined the work done in accelerating the limb (column 9) and the work done in decelerating it (column 11). This includes, of course, the net work done by all possible forces.
Thus the work done by the muscles during acceleration is a little larger than the figure given by the amount of work done in overcoming viscosity; and likewise the work done in deceleration by the muscles is a little less than this figure, by the amount of energy taken out by viscosity.
As calculated, however, the work done in acceleration should be equal to the work done in deceleration, and both should be equal to the kinetic energy of the limb at the point of maximum velocity.
The latter figure is given in column 10 and is equal to half the product of the figures in column 8 by the square of the figures in column 6 = l/2 Iw2. There are some fairly large variations in the individual experiments as might be expected from the roundabout analysis necessary to obtain the figures.
There does not seem to be, however, any systematic error in the method greater than 6 per cent because the average of all the figures shows that 362 kgm. cm. was expended in accelerating the limb which then had a kinetic energy of 386 kgm. cm. and which was in turn brought to rest by an expenditure of energy of 365 kgm. cm.
Quick releases of the leg. For more precise study the leg was substituted for the arm, thus avoiding disturbances due to bending of the elbow and movements of the shoulder-blades.
The subject was seated as shown in figure 3 with his leg hanging over the edge of a chair.
He developed nearly maximum tension against a strong isometric lever which recorded its movements on a revolving drum.
By pulling out a pin quickly the leg could be suddenly released and would fly out. The subject was instructed TV. 0. FENN, H. BRODY AND A. PETBILLI to "carry through" a complete swing after the release in order to avoid too sudden checking of the movement. In order to magnify the record for greater accuracy the heel was attached directly to a pointer by means of an aluminum rod. Since the aluminum rod was one yard long the movements of the pointer, at least over the first 10 cm. of the drum record, were proportional, with sufhcient approximation to the angular movement of the leg. In certain cases corrections were applied for this error but in the experiments here reported it was too small to take note of. The leg was strapped into a boot-like frame with a steel brace in the back, found in the orthopedic shop. This brace provided a fixed point of attachment for the ahuninum rod. The aluminum rod was fastened at both ends by swivel joints so that there was minimum friction between the carriage bearing the pointer and the track on which it ran. The aluminum rod could not be replaced by a wire for there always seemed to be with this arrangement a slight lag in the start of the pointer so that the recorded acceleration was too great. The drum revolved at a surface speed of 430 cm. per second. The high degree of magn%cation used in this arrangement makes it impossible to record the complete swing.
One advantage of this method is that errors of recording can be detected with some certainty.
Since the moment of inertia of the leg with its attached apparatus is fairly well known, one can calculate the initial accelera-MUSCLE TENSION AND SPEED 7 tion with which it must move from the initial tension developed against the isometric lever at the moment of release. If the method is accurate the and since L is known from the isometric lever and A can be measured from the record, it is possible to calculate the moment of inertia, I, an .d to compare it with the estimate m .ade from the length of the leg and the weight of the individual according to the method of Braune and Fischer (1892) . In this way the figure of columns 3 and 4 of table 2 were found. Results from 15 quick releases are tabulated.
Values are given for L and A and the ratio between them or I. The observed values of I agree within 10 per cent with the calculated values.
In this connection it may also be mentioned that an artificial leg was used in one experiment, strong hammock springs being substituted for of an experiment in which the leg was suddenly muscles. The structure did not pretend to represent a leg in appearance but was simply a hinged affair which happened to be available.
Its moment of inertia (2.99 X 10") was determined by the laborious method of taking it all to pieces, weighing the pieces, determining their distances from the axis of rotation so as to get the Zmr2 for all the pieces. The moment of inertia of pieces of geometrical shape was calculated from familiar formulae wherever possible. The tension of the springs was then determined at different positions of the "leg."
A quick release experiment was carried out with this "artificial leg" and the accelerations, , determined from the graph for various positions of the "leg" during the swing, were compared with the corresponding tensions of the springs as previously The ratio between tension, L, and acceleration, A, was found constant throughout the swing as it should have been and equal on the average to 2.96 X 106. This ratio, L/A, is of course the moment of inertia and agrees with the value of 2.99 X lo6 determined directly.
All this merely served to give us some confidence in the method of analysis.
The detailed results of one such quick release experiment with a real leg are plotted in figure 4 . A reproduction of the original smoked drum record is given, the displacement in centimeters being plotted against time in seconds. The slope of this curve gives the angular velocity and these values lie along a fairly smooth curve. Slopes were obtained by the use of a front surface reflecting mirror placed vertically across the curve and turned until the reflection of the graph formed a straight line with the graph itself. A line was then drawn along the edge of the mirror on the record with a sharp instrument and the angle of this line was measured with a protractor. Other analyses were made by the method of subtracting successive ordinates and abscissae and the results were equally good but no better. The initial slope of this angular velocity curve gives the initial angular acceleration from which the moment of inertia is calculated.
The results already described in table 2 showed that this initial slope was approximately what it should have been in all cases investigated with the improved method.
The angular acceleration is not plotted against time in figure 4, but it is plotted against the angular velocity, ~3, in the insert. This curve is the objective of the whole investigation for it shows the way in which the force (which is proportional to the angular acceleration) falls off as the velocity of t.he movement increases. The curve falls off rather slowly until the velocity reaches about 5 radians per second when the fall becomes much more rapid. This rapid decrease may be due to reflex relaxation. The slower decrease which occurs, however, during the first 0.01 or 0.015 second may properly be interpreted as due to processes taking place in the muscles themselves, and may be included under the term muscular ' 'viscosity. " The graphs of figures 5 show the results obtained with two of our subjects. The acceleration (or force) is plotted as ordinates against the angular velocity of the movement.
The solid lines represent the quick release experiments while the broken lines are free swings of the leg. Some of the quick release curves are nearly straight lines which would suggest Hill's (1922) interpretation, i.e., that the tension lost was due to a viscosity factor which was proportional to the velocity of the movement.
Other curves show distinct breaks suggesting the intervention of some reflex action.
The relation between the force in the free swings and the quick releases 1s of some interest.
The quick release curves supposedly represent the maximum tension which the muscles can exert at the velocities noted. Hence it might be expected that the force in the free swings would gradually increase until the values found in the quick release curve were met with, after which the force in the free swing would have to decrease at the same rate as in the quick release. This is approximately what the curves show. The purpose of this investigation was to obtain an average figure for the rate of tension loss with increasing velocity of movement. such an average are collected in table 2.
The data for The initial tension recorded on the drum by the isometric lever is noted in column 1. Columns 5, 6and 7 sho w respectively the duration of the initial period, (preceding the sudden decrease in tension) the extent of movement of the heel during this period, and the velocity attained at the end of this period. Column 8 shows the percentage decrease of the a Icceleration (and hence of tension) during this period of calculation.
The slope of the curve is given in column 9, this being the percentage decrease for an increase in velocity of 1 radian per second. For the subject A. P. who developed the largest initial tension of 1724 dyne cm. X lo6 the slope was also largest or 3.88. The smallest initial tension was developed by M. N. and the slope calculated from his swings was also the smallest or 2.51 The values for subject W. B. L. are intermediate between these extremes. This correlation with initial tension may possibly be significant, indicating that with high tension the rate of loss is greater. This figure might also mean that the muscles of A. P. were more viscous than those of M. N.
The grand average, from table 2, shows that the tension decreases 2.92 per cent with each radian per second increase in velocity.
The maximum duration of the period of measurement is 0.016 sec. and according to MUSCLE TENSION AND SPEED
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Travis (1928) the latent period for the electrical change of the knee jerk in 43 university freshmen varied from 0.015 to 0.0245 sec. It may be concluded, therefore, that this average slope was measured before any reflex relaxation could have occurred. During this time the heel moves about 4 cm. In order to get this average slope into more practicable units we may assume that the length of the rectus femoris is 40 cm. and that its lever arm is 3.8 cm. when the knee angle = 90" (cf. K. Fischer, 1927 ). An angular velocity of 1 rad/sec is then equivalent to a shortening of 3.8/40 or 9.5 per cent of the length of the muscle per second. For a rate of shortening of 10 10 per of its length per second a muscle will lose, therefore, 2.92 X c5 = . 3.1 per cent of its tension.
Comparison with the %scosity constant" of Hill. It has been shown by Hill (1922) that the work, IV, done by the flexors of the forearm in contracting from complete extension to complete flexion is given by the formula In words this means that the muscle loses 43.5 A&O per cent of its tension for every increase of one radian per second in the angular velocity of the forearm (see (1922) and from Hill's treatment (Hill, 1923) of the data of Hansen and Lindhard (1923) The result shows that for a rate the averper cent according to our method.
From this comparison it seems likely that Hill's method includes some nervous inhibition at high speeds which makes the tension fall off more rapidly than it would for reasons of viscosity alone. He has himself suggested such a possibility to explain why his values for W, were smaller than those obtained by Hansen and Lindhard using a static method.
In comparing these two methods of measuring the viscosity constant of muscles it should be mentioned that the speed of movement in Hill's method is not constant but varies from zero to some maximum during each pull. Only the average speed is used in the calculation.
Also Hill measures only the external work while our method measures the force exerted against the limb alone. 1 Braune and Fischer (see R. Fick, 1911, p. 318) have determined the moments of the forces exerted by the various flexors of the forearm in different positions of the arm. In general the moment increases from 1 cm. to 6 cm. as the degree of flexion increases. An average figure for each muscle may be obtained, however, by integrating the curve over all positions of the arm. This procedure gives the following results: brachioradialis, 5.3 cm., biceps, 3.25, brachialis, 2.4, extensor carpi radialis, 1.88, and pronator teres, 0.9 cm. A weighted average of these figures may be obtained by taking into consideration the contribution to the maximum work made by each of these muscles as given by R. Fick (p. 320) . The average so obtained is 2.88 cm. The values lies between that of the biceps and the brachialis which account respectively for 3.84 and 4.85 kgm.m.out of the total of 13.96 kgm,m., and is therefore a reasonable figure to use. From the data of Fenn (1930) on sprinters it is possible to calculate the rates of shortening of the rectus femoris and the biceps femoris at each 0.01 second interval during one running cycle. The necessary anatomical data were obtained from K. Fischer (1927) . In this calculation it was necessary to take account both of the movement at the knee joint and of the movement at the hip since both these muscles are two joint muscles. When this was done it was found that the maximum rate of shortening of the rectus femoris was 361 per cent of its length per second, this velocity being reached during the forward swing of the leg. The maximum rate of shortening of the biceps femoris occurs during the back swing just before the foot leaves the ground and it amounts to 373 per cent of its length per second. For the rectus femoris the loss of tension due to viscosity at this rate of shortening would amount to 361/10 )( 3.1 or 112 per cent; and for the biceps femoris 373/10 X 3.1 or 115 per cent. The result shows that neither muscle would be able to exert any external tension at this rate of shortening.
This procedure of course amounts to a very lengthy extrapolation from low velocities to high velocities and it is quite possible that the true relation between tension and velocity of shortening is not a straight line over its whole range. In isolated muscles the tension does in fact tend to fall off less rapidly at the higher tensions (Gasser and Hill, 1924) . This is demonstrated also by Levin and Wyman (1927) and explained as due to an undamped component of the elasticity of the muscle. If is to be re gretted that in all the published studies of this sort on isolated muscles the speeds of shortening are given in "arbitrary units" so that it is impossible to deduce from work on isolated muscles at how great speeds this linear extrapolation is justified.
At present the only certain conclusion is that the loss of tension due to viscosity can be no greater than 3.1 per cent for 10 per cent shortening per second, although it might be less. We cannot prove conclusively as yet that at the maximum speeds of shortening in running the muscles would be unable to exert any external tension, although this is probably the case. It might be that the muscle simply stopped pulling at the point of maximum velocity in order to give the antagonistic muscles time to decelerate the limb according to the "pattern" of the run. In other words, we cannot be certain that the absence of tension in muscles at high speeds is entirely an "isolated muscle phenomenon" and not in part a central phenomenon. To the extent that it is independent of nervous connections we cannot be certain as yet to what extent it is due to a mechanical interference with the development of tension (which may be taken as a strict definition of viscosity) and to what extent it is due to a chemical delay in the development of the extra energy which is necessary for shortening of the muscle (Fenn, 1922 1 . Accurate arm from the SUMMARY graphical records have been taken of the swinging of the shoulder and of the leg from the knee. From the records the mechanical features of the swing can be studied. The velocity of move ment is first determined and from the change in the velocity with time the acceleration and hence the force exerted by the muscles at different parts of the swing are deduced.
2. The force exerted by the muscles when the limb is held isometrically is determined at the moment when the limb is suddenly released by pulling a pin. From the resulting acceleration of the limb as deduced from the graphi .cal record of the swing the moment of inertia of ' the limb is calculated and is found to agree within 10 per cent with the value estimated from the weight of the individual and the dimensions of the limb.
3. If the force exerted in such a "quick release" experiment is plotted against the velocity at different moments during the swing, it is found that
The average rate of shortthe tension decreases as the speed of movement increases. rate of decrease of tension so determined is 3.1 per cent for a ening of 10 per cent of the muscle length per second. It is concluded that this represents a maximum figure for the effect of viscosity alone. 4. A similar constant calculated from the data of Hill gives the larger value of 7.3 per cent, probably because reflex inhibition contributed to the decrease of tension.
5. The maximum speeds of shortening of the leg muscles of sprinters were calculated from moving pictures. Assuming a linear relation between tension loss and speed of shortening it is shown that no external tension could be exerted at maximum speeds.
